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Abstract
The Red-eared Slider, Trachemys scripta is an invasive species responsible for declines
in turtle species across the world. Trachemys scripta is native to two parts of southern Virginia
but the species has been introduced throughout the rest of the state, often related to the release of
pet trade animals. This study aimed to identify the extent of Trachemys scripta’s establishment
and impact on native species in Harrisonburg, Virginia. Turtles were trapped in a mark-recapture
study during the springs and summers of 2018, 2019, and 2020 in four local ponds in
Harrisonburg, Virginia. Cormack-Jolly-Seber population models were constructed using data
collected in 2018 and 2019 for two species, Trachemys scripta and Chrysemys picta, which
revealed slightly larger populations of Chrysemys picta than Trachemys scripta. Turtle
populations in the local ponds were observed to increase after a large-scale die-off in 2018.
Trachemys scripta appears to be established and capable of spread in Harrisonburg, with large,
persistent population sizes, reproduction over multiple years, and documented movement
between ponds. However, it is unclear how or if Trachemys scripta may negatively impact native
species as its main potential competitor, Chrysemys picta also appeared to have healthy
populations and was even more abundant that Trachemys scripta.
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Introduction
Humans have kept and transported pets for millennia, resulting in the establishment of
feral populations across the globe when they inevitably escape or are released (Spencer et al.,
2016). Since the 1940s reptiles have become increasingly popular as pets and by the late 20th
century millions of reptiles were being shipped across the globe annually (Mitchell & Tully,
2009). The pet trade has since become the largest global source of invasive reptiles and
amphibians (Krysko et al., 2011; Stringham & Lockwood, 2018). For example, Krysko et al.
(2011) found 84% of reptile invasions in Florida were attributable to the pet trade. Once
released, these former pets harm native species and ecosystems. Management strategies must
combine measures to prevent additional releases, eradicate as many populations as possible, and
manage established populations (Stringham & Lockwood, 2018).
Species become invasive when they are introduced into a new habitat outside their native
range and successfully move through four stages: (1) transport (2) establishtment, (3) spread, and
(4) impact (Lockwood et al. 2013). This process is facilitated by human interventions, and
successful invasion presents a threat to biological diversity (Sandlund et al., 1999). Successful
vertebrate invaders are characterized by high reproductive rates, broad diets, large body sizes,
and wide physiological tolerances (Sakai et al., 2001). Invasive species may outcompete and
displace native species if they share similar niches and are better able to exploit resources (Petren
& Case, 1996). Disturbed and artificial habitats, particularly in urban and suburban areas, tend to
be particularly susceptible to these invasions (Lockwood et al., 2013). Each stage presents
chances for success or failure, along with different challenges for eradication and management
(Sakai et al., 2001). Thus, when developing plans for managing invasive species it is important
to understand the species’ level of establishment and its impacts on native systems.
7

Trachemys scripta (Pond Slider; Testudines: Emydidae) is a species of turtle native to the
central and Southern United States that has been introduced throughout much of the world,
where it has damaged ecosystems and contributed to decreased survival rates and declines in
native turtle populations (Cadi & Joly, 2004). Introduced T. scripta have negatively affected
local turtle populations via parasite transmission (Meyer et al., 2015), interference competition
(Cadi & Joly, 2004), and exploitative competition for basking sites (Polo-Cavia et al., 2010; Cadi
& Joli, 2003), food (Balzani et al., 2016; Jo et al., 2017), and hibernacula (Jo et al., 2017).
Trachemys scripta is an omnivore, eating vascular plant matter, algae, invertebrates including
insects, crustaceans, mollusks, and small vertebrates including fishes and tadpoles (PrévotJulliard et al, 2007; Mitchell, 1994). Juveniles tend to be more carnivorous than adults (Mitchell,
1994). As a dietary generalist and with high fecundity and high densities in natural populations
(Kirkpatrick et al, 2007), it can flourish in areas where it is introduced. The species can become
dominant species (Chen, 2006), outcompeting, and leading to declines in populations of native
turtles. Like many other aquatic pets, these turtles are frequently released into non-native areas
by uninformed pet owners (Cadi et al, 2004), resulting in its establishment as an invasive species.
Trachemys scripta is now considered among the 100 worst invasive species on the planet (Global
Invasive Species Database, 2020).
Trachemys scripta has traditionally been separated into three subspecies based on
morphological differences, though much confusion exists regarding the status of these
subspecies. Pollock et al. (2020) analyzed a core region mitochondrial DNA and identified T. s.
scripta (Yellow-bellied Slider) and T. s. elegans (Red-eared Slider) as distinct subspecies.
However, they argued that the Cumberland Slider, T. s. troostii is an invalid taxon due to T. s.
troostii individuals being genetically indistinct from T. s. elegans and suggest that morphological
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differences from core populations of T. s. elegans are attributable to intergradation with T. s.
scripta. Vamberger et al. (2020) analyzed sequences of mitochondrial DNA, nuclear DNA, and
microsatellites, and found no distinction between T. s. scripta and T. s. elegans. They found
distinction between these subspecies and T. s. troostii only in microsatellite sequences. They
noted that none of the subspecies met recently proposed criteria for classification as subspecies
but fell short of abandoning the subspecies because of their utility to conservation. While the
current systematics and taxonomy of Trachemys scripta turtles remains unresolved, I refer to
them by their traditional subspecific nomenclature for simplicity.
Two of the T. scripta subspecies are native to Virginia. T. scripta scripta is native to the
southeastern portion of Virginia (Figure 1). A few native populations in southwestern Virginia
have been traditionally referred to as T. scripta troostii (Tobey, 1985; Mitchell & Reay, 1999),
but the validity of this taxon is uncertain. Both T. s. scripta and T. s. elegans have been
introduced outside their native range in Virginia. Introduced T. s. scripta have been reported in
three counties in Northern Virginia (D’Alessandro & Ernst, 1995; Robertson, 2012) and the City
of Harrisonburg (Graziano et al., 2019) (Figure 1). Introduced populations of T. s. elegans have
been reported from at least 44 counties and independent cities in Virginia (VFWIS, 2018a).
Native T. s. scripta and introduced T. s. elegans intergrade in Southwestern Virginia, potentially
polluting gene pool of the native populations (Parham et al., 2020).
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Figure 1. Distribution of Trachemys scripta subspecies in Virginia based on data from the
Virginia Fish and Wildlife Information Service (2018a; 2018b; 2018c), d'Orgeix & Sismour
(2009), Mitchell (2007), Robertson (2012), Kleopfer & Mitchell (2006) and Graziano et al.
(2019).

The Painted Turtle, Chrysemys picta (Testudines: Emydidae) is a smaller species of turtle
whose range extends throughout most of Virginia. The species is native through a wide portion
of eastern and midwestern United States and Canada and is sympatric with T. scripta in some
areas, including in Virginia (Ernst & Lovich, 2009). The only known subspecies in Virginia is
the Eastern Painted Turtle, Chrysemys picta picta (Tobey, 1985; Mitchell & Reay, 1999). Like T.
scripta, C. picta is an omnivore, eating vascular plants and algae, invertebrates including insects,
arachnids, crustaceans, mollusks, and vertebrates including fish and tadpoles (Padgett et al.,
2010; Ernst & Barbour, 1972). Their diet likely has significant overlap with that of T. scripta.
Similarly, C. picta frequently basks on logs and banks of water bodies as does T. scripta,
(DonnerWright et al., 1999).
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The Common Snapping Turtle, Chelydra serpentina (Testudines: Chelydridae) is a large
species of turtle known throughout Virginia. C. serpentina basks only occasionally, preferring to
bury itself in silt underneath basking sites (DonnerWright et al., 1999). C. serpentina is listed by
Virginia’s Wildlife Action as a Tier IVb species of greatest conservation need (VDWR, 2015).
The species is omnivorous but consumes more animal matter than plants (Coulter, 1957). The
species has been known to eat vascular plants and algae, invertebrates including crustaceans,
insects, mollusks, and vertebrates including reptiles, amphibians, mammals, and birds (Ernst &
Barbour, 1972; Coulter, 1957; Punzo, 1975). Because C. serpentina has different basking habits
and diet than T. scripta, there is less potential competition between the species.
Trachemys scripta is a successful invasive species with the potential to harm local
species. However, the extent of T. scripta’s establishment and influence on local systems outside
of its native range in Virginia is largely unknown. By studying the population sizes and
demographics of T. scripta in Harrisonburg, Virginia, this study aims to identify the extent to
which T. scripta has become established in local systems. It also identifies the extent to which T.
scripta may be impacting native turtle species by comparing T. scripta populations with that of
native species.
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Methods
Study Sites
The campus of James Madison University (JMU) is situated in Harrisonburg, Virginia.
James Madison University strives to be environmentally conscious and has effected multiple
initiatives for improving the ecological sustainability of the campus including stormwater and
nutrient management programs, stream restoration, and encouraging growth of natural vegetation
(JMU Facilities Management, 2020). JMU’s sustainability initiatives operate on the principle of
providing sustainability and natural resources education. The university maintains a 50-hectare
forested arboretum, known as the Edith J. Carrier Arboretum (EJC Arboretum), that serves as a
recreational space and outdoor classroom. As a part of stormwater management initiatives and
the EJC Arboretum the university maintains several manmade ponds on its campus that provide
habitat for aquatic species, including turtles.
This study was conducted at four man-made stormwater retention ponds on and adjacent
to the JMU campus (Figure 2). Two ponds are located on JMU’s East Campus, hereafter referred
to as the retention ponds. These ponds were created in 1999 as a part of JMU’s stormwater
management plan. The ponds are surrounded by steep slopes and are separated by a causeway.
The eastern retention pond is 55 meters long, 35 meters wide, with a surface area of 1505 square
meters. The western retention pond is 85 meters long, 15 meters wide with a surface area of 1735
square meters. Known fish species include Creek Chub (Semotilus atromaculatus) and Black
Crappie (Pomoxis nigromaculatus) and known aquatic vegetation includes Elodea species. Both
ponds are surrounded by riparian buffers consisting of native and introduced shrubs and
herbaceous plants. The pond receives runoff water from the surrounding area. Concrete culverts
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and drains providing water flow into and between these ponds have been observed to serve as
basking sites for turtles.
The third pond, located at the Edith J. Carrier Arboretum (referred to as the Arboretum
pond), is slightly smaller than the retention ponds. The pond was created in 1988 but has been
drained and regraded at least once since its creation. It is 135 meters long and 30 meters wide
with a surface area of 1419 square meters. Known fish species include koi (Cyprinus
rubrofuscus), sunfish (Lepomis sp.) and Channel Catfish (Ictalurus punctatus). Located across
University Boulevard from the retention ponds, it serves as an ornamental pond and is a popular
destination for recreation and educational visits. The pond is fed by an unnamed stream and
surrounded by lawn, annual-planted gardens, and American Sycamore trees (Platanus
occidentalis). Each summer the Arboretum places several floating planters with non-native,
ornamental flowers in the pond, which provide basking sites for turtles.
A fourth pond is situated on the property of an adjacent apartment complex owned by
Hills Stonegate Apartments LLC (referred to as the Hills pond), southwest of the EJCA. This
small pond is 50 meters long, 12 meters wide, and has a surface area of 380 square meters. The
pond is surrounded by woods and receives water flow from the surrounding area. While this
pond was sampled for a short period of time in 2019 it is not a primary focus of this study.
Three species of turtle have been documented in the study ponds. These include two
subspecies of T. scripta: T. s. scripta and T. s. elegans. T. scripta co-occurs with at least two
native aquatic turtle species: Chrysemys picta and Chelydra serpentina (Graziano et al., 2019).
Because Chelydra serpentina exists in low population densities and likely does not compete
extensively with T. scripta, most analyses and data collection focus on T. scripta and C. picta.

13

Field Methods
Turtles were captured by trapping during the springs and summers of 2018, 2019, and
2020. To capture turtles, 0.75 m diameter hoop traps with 5 cm cotton mesh, baited with dry dog
food were used. Traps were staked with two poles so that a portion of the trap was above the
water line. Bait was placed inside a perforated plastic container preventing consumption of the
bait while attracting turtles (Figure 3).

Figure 2. Map of the ponds sampled in this study.
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Figure 3. Typical setup of turtle hoop traps in water. Traps are suspended in the water between 2
poles. Inside the trap is a bottle containing dry dog food used as bait.

Due to trap failures and episodic flooding, the number of days of trapping in the
Arboretum pond and retention ponds differ. Sampling in 2018 took place from 15 March−19
June for a total of 30 days in the Arboretum and 50 days in the retention ponds (Table 1). In
2018 one trap was deployed in the Arboretum and three traps were deployed in the retention
ponds (Table 1). Sampling in 2019 took place between 20 March−16 October for a total of 45
days in the retention ponds and 49 days in the Arboretum pond. Four traps were deployed in the
retention ponds in 2019 and one trap was deployed in the Arboretum pond (Table 1). An
additional exploratory trap was placed in the Hills Pond from 7 June−30 July 2019. Due to
university restrictions related to the Coronavirus pandemic, sampling was limited in 2020 and
only occurred in the retention ponds. Sampling in 2020 took place from 5 August−19 August for
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a total of six sampling occasions in the retention ponds. Four traps were placed in the retention
ponds in 2020.
Table 1. Sampling effort for each pond system over three years. “East Campus” corresponds to
the East Campus retention ponds, “Arboretum” corresponds to the Arboretum pond, and “Hills”
corresponds to the Hills pond.
2018

2019

2020

East
Campus

Arboretum

East
Campus

Arboretum

Hills

East
Campus

Sampling Days

50

30

45

49

25

6

Traps

3

1

4

1

1

4

150

30

180

49

25

24

Trap-days

Turtles were individually marked by notching the marginal scutes following a
modification of the system described by Cagle (1939). This system included markings denoting
the pond in which a turtle was a found and an individual numeric code using 1’s and 10’s digit
places (Figure 4). Vernier calipers were used to measure body size for each individual using
straight carapace length (SCL), measured to the nearest millimeter as the distance between the
anterior and posterior margins of the carapace. Hatchlings without ossified shells were noted but
not marked in this study because they could easily pass through the mesh of traps and because
their shells could not be marked with files. Sex was determined by the length of the claws on the
front feet (short in females, long in males) and the position of the cloacal opening relative to the
rear edge of the carapace (past the posterior margin of the carapace in males) (Bayless, 1975).
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Figure 4. Illustration of the marking scheme used in this study. Anterior left marginal scutes
correspond to the pond in which a turtle was found (H = Hills pond, A = Arboretum pond, W=
western retention pond, E = eastern retention pond). Right marginal scutes are marked for the 1’s
digit place and posterior left marginal scutes are marked for the 10’s digit place. This pattern
accommodates 69 turtles of a given species from a given pond to be marked using two or three
markings. Figure modified from Gregory (1985).
Age Structures
Turtles were assigned to juvenile and adult age classes based on SCL. Following Gibbons
(1968), individuals of C. picta were considered juveniles if <85 mm for males and <115 mm for
females. Following Cagle (1950), T. scripta were considered juvenile if <95 mm for males and
<175 mm for females. Following Christiansen and Burken (1979), C. serpentina were considered
juveniles if <150 mm. A Chi-squared goodness of fit test was used to compare the age structures
between years 2018 and 2019. For this test species were pooled so as to only test for differences
between years, resulting in a 2x2 contingency table. Age classes in 2020 were not used because a
small sample introduced bias and limited the potential inference to be made about age classes.

17

Population Models
Due to small sample sizes, population models could only be created for the retention
ponds in 2018 and 2019 and only T. scripta and C. picta. Daily encounters were pooled by week
to limit parameterization, with 8 sample periods for 2018 and 9 sample periods for 2019.
Cormack-Jolly-Seber open populations models (Lebreton et al., 1992) were constructed for each
year using MARK v9.0 (White, 2018; White and Burnham 1999) and RMark (Laake, 2013) with
two grouping variables for the two species. A sine link function was used for parameter
estimation because it enforces the [0,1] interval while allowing for accurate estimates of
parameters (White & Burnham, 1999).
One critical assumption of Cormack Jolly Seber is that no temporary emigration occurs.
Because I observed no turtles moving between ponds within sampling periods of this study this
assumption is satisfied. A parametric bootstrapped goodness of fit test with 1000 replications
was conducted in MARK to test for noncompliance with the other core assumptions of Cormack
Jolly Seber. Because the full Cormack Jolly Seber models were overparameterized with respect
to the sample size and limited ability to conduct goodness of fit testing, the most parameterized
model that that had a positive deviance degrees of freedom was used as the global model. This
model had group-dependent survival probability (φc) and time-dependent capture probability (pt).
The overdispersion parameter 𝑐̂ was calculated from bootstrapped simulations. In the case of
lack of fit, a quasi-likelihood adjustment (Burnham & Anderson, 2002) was applied by
multiplying model-based estimations of variances and covariances by 𝑐̂ to correct for
overdispersion.
The most parsimonious model was selected using the corrected Akaike information
criterion (AICc) or quasi-AICc (QAICc) for a quasi-likelihood adjustment. The model with the
18

lowest AICc was considered the most parsimonious model if it was more than two AIC values
below the next lowest AICc. If the model with the lowest AICc was less than 2 AIC values
below the next lowest value, these models were considered equally parsimonious.
Estimates of abundance (𝑁) were constructed for each species in each year using
parameters from the most parsimonious models. Abundance is calculated by the equation:
̂𝑖 =
𝑁

𝑛𝑖
𝑝̃𝑖

̂𝑖 is the estimator of abundance in the ith sampling period, 𝑛𝑖 is the total number of
Where 𝑁
animals encountered in ith sampling period, and 𝑝̃𝑖 is the maximum likelihood estimator for the
encounter probability in the ith sampling period (Pollock et al., 1990). I generated 95%
Confidence intervals for abundance estimates by bootstrapping with 1000 replicates. The median
̂𝑖 estimates was calculated for each species in each year.
of 𝑁

19

Results
Winterkill
Between 16 February and 15 March 2018, prior to the sampling periods, a total 25 dead
turtles were found on the banks of the western retention pond in advanced stages of decay. Of
these turtles 8 were Trachemys scripta elegans and 17 were Chrysemys picta. These turtles were
all juveniles or small adults.
Raw Counts
A total of 81 turtles were marked during the three-year study, including 6 Chelydra
serpentina, 39 Chrysemys picta, and 37 Trachemys scripta (Table 2). Most of the marked T.
scripta were T. s. elegans; however, a single adult was morphologically consistent with T. s.
scripta. In 2019, two juvenile turtles were marked that were morphologically consistent with
intergrades of T. s. elegans and T. s. scripta based on the presence of a reddish or yellowish
patch behind the eye, irregularly sized black blotches on the plastron, and/or a reduced yellow
bar on the head (Mitchell, 1994).
Table 2. Summary of the number of individuals for each species captured in each pond system
each year. “A” corresponds to the Arboretum pond, “R” corresponds to the retention ponds, and
“H” corresponds to the Hills pond.
2018
Species

2019

2020

R

A

R

A

H

R

Chrysemys picta

14

2

23

5

1

4

Chelydra serpentina

2

2

0

2

0

1

Trachemys scripta elegans

12

7

17

7

1

4

Trachemys scripta scripta

0

1

0

1

0

0

Trachemys scripta scripta x elegans

0

0

0

2

0

0
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Age classes
The proportion of juveniles captured increased between 2018 and 2019. In 2018 2.5% of
encountered turtles were juvenile, whereas in 2019 42.9% of the turtles were juvenile. Numerous
hatchlings belonging to both T. scripta and C. picta were encountered along the edges of ponds
during sampling 2018 and 2019 but these turtles were not marked or counted because they can
easily pass through the mesh in hoop traps and their shells are too malleable to hold markings.
Chi-squared goodness-of-fit showed significant differences in the number of adults and juveniles
between 2018 and 2019 (χ2=17.692, df=1, p= 2.597e-05). No juvenile C. serpentina were
captured during sampling.
Table 3. Summary of the age classes of turtles in three species captured over two years of
sampling.

2018
2019

C. picta
Adult
Juvenile
16
0
14
13

T. scripta
Adult
Juvenile
19
1
16
11

C. serpentina
Adult
Juvenile
4
0
2
0

Initial goodness-of-fit
At a 95% confidence level, lack of fit for initial goodness of fit testing would include a p-value
less than 0.05 and a 𝑐̂ much greater than 1. The global model with group-dependent survival
probability and time-dependent encounter probability (φcpt) fit the 2019 dataset with no evidence
for noncompliance with the assumptions of Cormack Jolly Seber (p=0.309, 𝑐̂ =1.1328). There
was some evidence of lack of fit within the 2018 data (p=0.040, 𝑐̂ =2.9544). To correct for over
dispersion, and thus lack of fit, a quasi-likelihood adjustment was applied to the 2018 models by
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multiplying model-based estimations of variances and covariances by 𝑐̂ . Thus, AICc and
deviance for 2018 models are reported as QAICc and QDeviance.
After initial goodness-of-fit and quasi-likelihood adjustments, the global model and
several reduced models were fit to the data from each year (Table 4). The best fit model for 2018
was the Cormack Jolly Seber reduced form φ.p. (Model D in Pollock et al., 1990), which
assumes constant survival and constant capture probabilities. Because the delta AICc of the
model with the second lowest AICc in 2019 is less than 2, two models are considered equally
parsimonious. These models include the Cormack Jolly Seber reduced forms φ.p. (Model D in
Pollock et al., 1990) and φ.pt (Model B in Pollock et al., 1990), which assumes constant survival
and time-dependent capture probabilities.
Estimates of Abundance
̂𝑖 was calculated for each interval in 2018 based on the φ.p. model and for
Abundance 𝑁
2019 based on the φ.p. and φ.pt models (Figure 5). Because both species were not captured
̂𝑖 could not be calculated for the species absent during
during all sampling intervals (𝑛 = 0), 𝑁
these intervals. Additionally, because no marked turtles were recaptured in the first three weeks
of 2019 the φ.pt model has near-zero encounter probabilities, producing erroneously large values
̂𝑖 . These values were removed from the estimates. Median 𝑁
̂ was calculated from the
for 𝑁
̂𝑖 values for each species in each year (Table 4).
calculatable 𝑁
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Table 4. Survivorship modelling summary based on Cormack Jolly Seber model for capturerecapture data from 2018 and 2019. Both T. scripta and C. picta are included in models. “Group”
parameters include separate parameters by species, “Time” parameters include a separate
parameter for each sampling period, and “Constant” parameters include a single parameter. AICc
= corrected Akaike information criterion; Delta AICc = difference in AICc from best fit model;
Deviance = relative deviance. Q represents the quasi-likelihood adjustment applied to correct for
overdispersion. Best fit model shown by lowest QAICc value for 2018 (model 1). Two models
are considered equally parsimonious for 2019 (models 1 and 3) due to model 1 having a delta
AICc < 2, meaning that its AICc is close enough to that of model 3 that neither can be considered
the most parsimonious.
2018
Model #
1

Survival rate (φ)

Recapture rate (p)

Notation

QAICc

Constant

Constant

φ.p.

49.0304

Delta
QAICc
0.0000

2

Group

Constant

φcp.

51.1990

2.1686

28.9149

3

Constant

Time

φ.pt

60.4701

11.4397

24.9547

4
2019

Group

Time

φ cp t

63.3334
AICc

14.303
Delta AICc

24.7426
Deviance

1

Constant

Constant

φ.p.

163.0857

1.8276

93.5101

2

Group

Constant

φcp.

164.7953

3.5372

93.0129

3

Constant

Time

φ.pt

161.2581

0.0000

74.4863

4

Group

Time

φcpt

163.6212

2.3631

74.0149

QDeviance
29.0318

̂ calculated for T. scripta and C. picta in 2018 and for two models in 2019.
Table 5. Median 𝑁
̂ is calculated from 𝑁
̂𝑖 estimates calculated for each sample period in the model.
Median 𝑁

Median N

T. scripta

2018
C. picta

T. scripta

2019 (φ.p.)
C. picta

9.727273

12.9697

23.16898

38.61496
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2019 (φ.pt)
T. scripta
C. picta
21.67097

30.82322

a)

2018 (φ.p.): Chrysemys picta

b)

2018 (φ.p.): Trachemys scripta

2019 (φ.p.): Trachemys scripta

c)

2019 (φ.p.): Chrysemys picta

d)

e)

2019 (φ.pt): Chrysemys picta

f)

2019 (φ.pt): Trachemys scripta

̂𝑖 for 2018 (φ.p. model): a) Chrysemys picta and b)
Figure 5. Plots of abundance estimates 𝑁
Trachemys scripta, 2019 (φ.p. model): c) Chrysemys picta and d) Trachemys scripta, and 2019
(φ.pt model): d) Chrysemys picta and e) Trachemys scripta. 95% Confidence intervals bars are
̂𝑖 estimate.
shown above and below the 𝑁
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Discussion
This study aimed to identify the extent to which T. scripta has become established in
local systems by studying its population sizes and demographics. It also aimed to identify the
extent to which T. scripta may be impacting native turtle species by comparing T. scripta
populations with that of native species. The study revealed numbers of T. scripta that made up a
large proportion of the turtle community (50% of total turtles encountered in 2018; 47% in
2019). C. picta was slightly more abundant than T. scripta in the retention ponds, while T.
scripta was slightly more abundant in the Arboretum. Populations levels of both T. scripta and c.
picta increased between 2018 and 2019 and more juveniles were found in 2019 than 2018.
Discussion of Models
Models allow us to estimate population sizes and make inferences about survivorship and
capture rates even when capture of individuals is incomplete. However, because of low capture
rates in the hoop traps, the study has a relatively low sample size. This low sample size presents
a challenge in developing accurate models and constructing estimates of 𝑁. First, the ratio of
effective sample size 𝑛 to number of parameters (𝑘) prevented us from considering highly
parameterized models that may better reflect the “true” state of the population, such as those with
time-dependent survival probabilities. Additionally, the small sample size means that simpler
models are favored during comparisons using AICc (Burnham & Anderson, 2002). This can be
seen in the comparison of the models φ.pt (time-dependent capture) and φ.p. (constant capture).
In 2019 φ.pt was favored, if only slightly, while in 2018 φ.p. was favored. Recapture should
intuitively vary by week because not all weeks contained the same level of sampling intensity
due to weather-related periods of nonsampling and trap failures. However, with the extremely
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limited sampling size of 2018 (26 individuals), the added variance from an additional 6 extra
parameters outweighs the greater fit.
Because of the low sample size, the models are less able to accurately estimate the true
survival and capture probabilities for the populations. Thus, parameter estimates from these
models should be taken with caution. The traps used in this study had relatively low capture rates
and frequently failed to capture any individuals at all. In part, the low capture rates reflect the
low population levels in the ponds. In 2019, when the populations were larger, the data were not
as skewed by extra-binomial variation (lower 𝑐̂ ) and more accurate models (φ.pt) were supported.
Thus, if population levels increase in the future the sample size would increase and the resulting
models may be more useful. Increased sampling effort (more traps per pond) may also increase
the sample size and would be advisable for future sampling.
Only a few individuals of a given species were encountered in each sampling period (a
̂𝑖 across individuals is likely more related to
median of 3 individuals), consequently variation in 𝑁
sampling variance than actual population trends. Additionally, high levels of variance and large
̂𝑖 estimates difficult. Thus, estimates of abundance
confidence intervals make inference from 𝑁
for this study should be taken with caution.
Winterkill
The death of at least 25 turtles prior to the first sampling year is likely attributable to
winterkill, whereby animals die in anoxic conditions created from long freezes (Ultsch, 2006).
The heavy decomposition seen in the dead turtles appears to correlate with harsh winter
conditions in the winter of 2017−2018 and a hard freeze from 29 December−8 January (mean
daily high temperature -5°c) (NOAA, 2018). Smaller turtles are more likely to die because of
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winterkill (Bodie and Semlitsch, 2000), which is consistent with all the dead turtles found in
2018 being juveniles or small adults.
The 25 dead turtles found in the ponds in 2018 is likely an incomplete tally of the turtles
that died during the winter of 2017−2018. With only 26 T. scripta and C. picta captured in the
ponds in 2018, a large proportion of the population probably died in this event. Only one juvenile
was captured in 2018, suggesting a near total mortality of juveniles. In 2019 the number of
̂ , and the proportion of juveniles increased. This trend
animals captured, median estimates of 𝑁
may represent a more typical year and indicates that the population was recovering and that the
2018 young of year began to replace the juveniles that died previously.
Establishment of T. scripta
Whereas T. scripta is native to Virginia, its native range does not extend as far north or
west as Harrisonburg and therefore can be considered an introduced species. To understand T.
scripta’s role as an invader, this study aimed to identify the extent of T. scripta’s establishment
and potential impacts on local systems. The four-staged model of invasion presented by
Lockwood et al. (2013) is useful in evaluating the invasion success of T. scripta in local systems.
Establishment of invasive species is contingent on survival and reproduction (Lockwood
et al., 2013). T. scripta is present in relatively large numbers in the ponds, with 37 individuals
captured over 3 years, comprising 50% of the turtle community in 2018 and 47% in 2019. Many
of the individuals captured persisted for at least the duration of this study, and presumably for at
least several years prior. It can therefore be inferred that T. scripta can survive in Harrisonburg.
The presence of multiple age classes (16 adults, 11 juveniles, an uncounted number of hatchlings
in 2019) indicates that T. scripta is successfully reproducing in the study ponds. Juveniles can
even be traced back to the reproductive success of individual turtles, as with the T. s. scripta x T.
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s. elegans intergrades, that may have been the offspring of the single T. s. scripta in the system.
Thus, T. scripta also seems to be established in the local system.
Spread of invasive species is contingent on dispersal to and subsequent establishment in
novel ecosystems, a process that requires a species to overcome local obstacles to dispersal. The
pond systems in this study present a unique opportunity to study the dispersal of T. scripta. In
addition to the ponds considered in this study, several other ponds occur nearby. These include a
pond on the property of a Costco Wholesale store, which is 0.25 km away from the Arboretum
pond and comparable in size to the Hills pond (374 square meter surface area). This pond is
surrounded by a chain-link fence but has openings that allow access by turtles. The second pond
is a stormwater retention pond that was created in 2020 in the northeastern portion of JMU’s East
Campus. The new retention pond is 0.67 km from the main retention ponds and is comparable in
size to them (1659 square meter surface area) but is separated from the ponds by a road and two
parking lots. These two ponds were not surveyed in this study, but personal observations
confirms that the Costco pond supports a population of turtles, including T. scripta. No turtles
have been observed at the new retention pond to date. These ponds are cut off from other water
bodies in the area by roadways and urban development that would impede movements across
longer distances. The primary barrier to movement would be Interstate 81, which bisects JMU’s
campus just North of the ponds, cutting off most dispersal to other bodies of water including
Newman Lake. Thus, the six ponds form an interconnected system that is relatively isolated from
other pond systems in Harrisonburg.
While no turtles moved between ponds within sampling periods, some individuals moved
between the ponds between years. Between 2018 and 2019 two T. scripta and one C. picta
moved from the Arboretum pond to the retention ponds (Approximately 0.36 km and over one
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road) and one T. scripta moved from the Arboretum pond to the Hills pond (Approximately 0.31
km). While it is possible that T. scripta has been released into each pond in the system, given
that the species has been shown to move between ponds in this study it seems likely that the
species has dispersed to at least some of the ponds naturally. The apparent establishment of T.
scripta in multiple ponds (Retention ponds and Arboretum) and the documented movement
between ponds would indicate that in Harrisonburg T. scripta is capable of the spread necessary
for invasion.
The Arboretum pond receives high visitorship and aquatic pets are frequently released
into the pond (R. Wood, pers. comm., May 2019). In 2018 two Chinese Stripe-necked turtles
(Mauremys sinensis) were captured in the Arboretum pond. This species is common in the pet
trade and has no known established populations in Virginia. Both specimens were removed from
the Arboretum to prevent competition and the establishment of this non-native species. Based on
documentation of anthropogenic introductions and the movement of turtles between ponds, it
seems that the Arboretum pond may serve as a key reservoir for dispersal into other ponds in the
system.
Much of T. scripta’s impact on local systems is related to competition with native turtles,
making it difficult to measure (Cadi & Joly, 2004). If T. scripta does compete with C. picta, the
former’s larger size may be advantageous because of size-selective mortality and direct
competition. Bodie and Semlitsch (2000) showed size-dependent mortality caused by winterkill,
with smaller individuals being killed more often. In the 2018 winterkill, nearly two times more
C. picta died than T. scripta (17 C. picta, 8 T. scripta). Based on body size, periodical die-offs
due to winterkill may favor larger population sizes in T. scripta than C. picta which is smaller
and more susceptible. The larger size of T. scripta may also be important in competition for
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basking sites, which represents a significant source of competition between T. scripta and other
Emydid turtles (Polo-Cavia et al., 2010; Cadi & Joly, 2003). Basking is important for aquatic
turtles primarily as a means of elevating body temperature to facilitate metabolic processes
(Boyer, 1965). Lindeman (1999) showed that larger aquatic turtles were able to outcompete
smaller turtles for basking sites through aggressive interactions and deterrence. However, there is
some evidence that T. scripta and C. picta may partition habitats including basking sites
(Peterman & Ryan, 2009).
With only two years of data and with a population recovering from a large die-off, no
inferences can be drawn about long-term population trends for C. picta. The number of C. picta
captured and the abundance estimates for the species in the retention ponds were slightly larger
than T. scripta in both 2018 and 2019 (50% of total turtles in 2018; 57% of total turtles in 2019;
̂ for in 2018: 13 C. picta, 10 T. scripta; median N
̂ for in 2018 in φ.p. model: 39 C. picta,
median N
23 T. scripta). Thus, it appears that C. picta is as abundant or more abundant than T. scripta in
the retention ponds. While no models could be made for the Arboretum pond, it seems as though
it supports a larger population of T. scripta than C. picta based on higher numbers of T. scripta
encountered in both years (67% T. scripta in 2018 and 59% T. scripta in 2019). C. picta also had
large numbers of hatchlings, juveniles, and adults, and appears to be recovering well from the
die-off of 2018. Overall, it seems as though C. picta populations are healthy in local systems
despite the presence of invasive T. scripta. Based on these data, it is not possible to determine
whether T. scripta is excluding or negatively influencing C. picta populations in this system.
Chrysemys picta is one of the most common and broadly distributed turtles in North
America. Throughout much of its range it co-occurs with T. scripta, including in Virginia (Ernst
& Lovich, 2009). Like T. scripta, C. picta is a dietary generalist (Zahn & Hoback, 2014) and
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may be able to exploit food resources just as well or have flexibility in its diet in mixed
populations. Additionally, C. picta is highly tolerant of disturbance and pollution (Saba &
Spotila, 2003), making them successful in artificial habitats such as the study ponds. Because of
their C. picta’s resilience and potential for partitioning, and given the apparently healthy
population of C. picta, this species may be able to co-exist with T. scripta in this system. This
finding would agree with other studies suggesting partitioning by T. scripta and C. picta within
the former’s native range (Jaeger & Cobb, 2012) and its introduced range (Peterman & Ryan,
2009).
The habitats in the retention ponds and the Arboretum pond are all man-made, and any
species inhabiting the ponds would have either migrated in or been transported by humans. Thus,
all three turtle species found in the ponds can be considered successful colonizers of the habitats.
Additionally, as all three turtle species occur in the pet trade (Gamble & Simmons, 2010;
Kopecký et al., 2013), it is possible that some individuals of these species are released pets or
their descendants. While the effects of T. scripta on turtle populations in this system is unclear, it
may affect species present in more natural habitats in the Harrisonburg-Rockingham area, such
as the Eastern Musk Turtle (Sternotherus odoratus) and state threatened Wood Turtle (Glyptemys
insculpta). Alternately, the artificial habitat of the retention ponds may be more vulnerable to
invasion by T. scripta, and the species may be less established at more natural habitats. Thus,
further research should be done on T. scripta’s establishment and effects in more systems,
particularly in creeks and rivers that may be home to these other species.
Implications for management of T. scripta
Virginia Administrative Code 4VAC15-30-10, enacted in 1992, bans the sale,
importation, and release of native and naturalized animals, including T. scripta. Thus, pet stores
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and reptile shows can no longer sell many turtle species. However, released T. scripta may
represent pre-ban captives, wild animals collected as pets, and animals from illegal sales. While
the release of T. scripta into local systems should decrease because of these state regulations, the
species seems to be established in the JMU pond system and is most likely established in other
systems around Harrisonburg and the state.
Without clear evidence of T. scripta’s impacts on local systems, eradication in ponds
such as these may not be a priority. However, if manmade ponds serve as reservoirs for the
spread to more systems eradication may prevent larger-scale invasion. Past eradication
campaigns have been successful at reducing or eliminating T. scripta populations (Valdeón et al.,
2010). Eradication programs, however, may take years and confirming the success requires
enormous trapping effort (García-Díaz et al., 2017). While eradication in our study system may
require the removal of hundreds of turtles, eradication on a larger scale can require the removal
of tens of thousands of individuals, making it costly (Sancho & Lacomba, 2016). Thus, more
information on T. scripta’s potential impacts may be needed to justify the cost of eradication.
Conclusions
Populations of turtle species in this study were observed to increase after a large-scale
die-off in 2018. With a large population, evidence of sustained reproduction, and movement
between ponds, T. scripta appears to be established in local ponds systems in Harrisonburg and
is capable of spreading to nearby systems. At this time, we do not know what population levels
of C. picta would be without the presence of T. scripta, and it is uncertain whether the presence
T. scripta is negatively impacting the populations of native turtles in the system. The absence of
obvious negative impacts may be in part due to the sympatry of T. scripta with Chrysemys picta
throughout much of its range and its own generalist habits, leading to resource partitioning
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among the species. Further research is needed to determine the extent to which T. scripta is
established and its impact in more natural systems such as streams and river ecosystems.
Additionally, future efforts should attempt to identify the long-term trends in the populations of
various species and identify sources of competition, or lack thereof, between species in the
system.
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Appendix: Table of full model results for all Cormak-Jolly-Seber Models
2018
Model #
1
2

49.0304
51.1990

Delta
QAICc
0.0000
2.1686

QAICc
Weights
0.74504
0.25193

Model
Likelihood
1
0.3381

Number
Parameters
2
3

φ.pt

60.4701

11.4397

0.00244

0.0033

4

φ cp t

63.3334

14.303

2019

Notation

AICc

Delta AICc

1

φ.p.

163.0857

1.8276

0.00058
AICc
Weights
0.18363

2

φcp.

164.7953

3.5372

3

φ.pt

161.2581

4

φcpt

163.6212

Notation

QAICc

φ.p.
φcp.

3

QDeviance

-2log(L)

29.0318
28.9149

132.2142
131.8691

8

24.9547

120.1706

0.0008
Model
Likelihood
0.401

9
Number
Parameters
2

24.7426

119.5441

Deviance

-2log(L)

93.5101

158.8857

0.07811

0.1706

3

93.0129

158.3885

0.0000

0.45794

1

9

74.4863

139.8619

2.3631

0.1405

0.3068

10

74.0149

139.3904
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